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ABSTRACT
A recent paper (Brusca et al. 2013a) reported dramatic elevation range changes for 27 plant

species in the Catalina Mountains of Arizona in the 50-year interval following Robert Whittaker and

William Niering's vegetation studies in the early 1960s. Brusca et al. interpreted these differences as

responses to climate change, but while the observations by Brusca et al. are consistent with what

might be expected with a changing climate, correlation does not imply causation. Detecting

significant change requires accurate knowledge not only of the actual ranges of species but also of

species abundance and distribution, at two points in time. Determining the causes of any changes

identified requires knowledge of population dynamics and of ecological processes occurring during

the time period studied. The commentary here reviews the purported changes in Catalina species as

well as other pertinent literature by addressing three main questions : What are the actual ranges of

species analyzed? How do we detect changes in them? How can we determine the cause of any

changes?

Increased warming, drought, and reduced stream flows are among recent ecological changes

in the southwestern United States consistent with climate change. Gariin et al. (2013) indicated there

is high confidence climate-induced impacts will include continued warming, changes in precipitation

regimes, and more extreme weather in the Southwest, all of which will result in significant ecological

impacts. Ecological responses to climate change may include changes in phenology, physiology,

range, abundance and distribution, community composition, trophic interactions, and ecological

structure and dynamics (Walther et al. 2002; Root et al. 2003; Parmesan 2005). Considerable

evidence has been found for species' range changes and shifts in phenology (Chen et al. 2011;

Parmesan & Yohe 2003).

In "Dramatic response to climate change in the Southwest: Robert Whittaker's 1963 Arizona

Mountain plant transect revisited," Brusca et al. (2013a) compared a subset of date they collected

August 5-14, 2011 from 33 0.1 hectare plots (10 x 100 meters), all in upland areas located between

3,500-9,111 feet elevation in the Santa Catalina Mountains, Pima County, Arizona (the Catalinas)

with data collected in 1962-1963 by Whittaker and Niering during their classic studies of the

vegetation of the mountains (Whittaker & Niering 1964, 1965, 1968a, 1968b, 1975; Niering et al.

1963, 1984; Whittaker et al. 1968). Afull description of the data from which Brusca et al. (2013a)

drew their subset is described in Moore et al. (2013).

Whittaker and Niering (1964) summarized species and related ecological data in a multi-

page table reporting species presence in "elevation belts" of 1,000-foot increments from 3,000-9,000

feet in the Catalinas. The methodology used to construct this table is described in greater detail in

Whittaker and Niering (1965, pp. 432-433). Data from the Catalinas was collected in 350 0.1

hectare quadrats (20 x 50 meter's). Most plots were near the Mount Lemrnon highway, but an

unspecified number were in Lemmon, Pine, Sycamore, Bear, Sabino, and Pima Canyons. In

addition, 80 "bajada" plots were located between 2,500-3,000 feet elevation in the Catalina foothills,

including the Campbell Avenue area several miles from the highway; 50 plots were located at 9,000-
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10,600 feet in the Pinaleno Mountains (some 60 miles northeast of the Catalinas); and 15 plots were

at 2,400-2,800 feet in the Tucson Mountains (about 10 miles west of the Catalinas). The actual

locations of all of these plots, as Brusca et al. (2013a) acknowledged, are unknown, as is the species

composition of the plots.

Brusca et al (2013a) reported elevation range changes for 27 plant species along the Catalina

highway, an elevation gradient of over 5,500 feet and a distance of 20 miles, in the 50-year interval

and attributed these changes to climate change. This study illustrates several problems in detecting

and understanding species' range changes, tasks that require answering three basic questions: What
are the actual ranges of species analyzed? How do we detect changes in them? How can we
determine the cause of any changes? The following discussion is intended be a brief review of

selected literature addressing these three questions, not a comprehensive review of the current

knowledge of species' ranges such as that found in Gaston (2003).

United States customary units of measurement are in used below to facilitate comparison with

data presented by Whittaker and Niering, Brusca et al., and other resources on the local flora.

N|uvk'\ r,iii'ji'\

Patterns of species composition and diversity are influenced by four processes: selection,

drift, speciation, and dispersal (Vellend 2010). Species' ranges result from the interaction of these

processes. Gaston (1991, 2003) described two measures of geographic ranges: the extent of
occurrence, the geographic spread of a species' distribution, and the area of occupancy, where the

species is actually found. These concepts are similar to "abiotically suitable area" and "occupied

distributional area" used by Peterson et al. (2011). Both extent of occurrence and area of occupancy

may include interruptions in suitable or occupied habitat resulting from factors such as topographic

features and dispersal mechanisms, and both may fluctuate over time. Determining extent of

occurrence can help understand the factors impacting species' range limits and to identify suitable

habitats; identifying area of occupancy can help understand population dynamics, including

distribution fluctuations over time (Gaston 2003). Gaston and Fuller (2009) discussed five

approaches to measuring species distributions in geographic ranges: focusing on marginal

occurrences, habitat distributions, range-wide occurrences, statistical modeling, and process-based

modeling. They indicated that the most accurate estimates of extent of occurrence are obtained by
using marginal occurrences, while the best estimates of area of occupancy are based on range-wide

Species are neither evenly nor randomly distributed but are found in spatial structures such as

patches or gradients (niches) based on many factors, including climate and topography (Mac Arthur

1972; Legendre & Fortin 1989; Stephenson 1990; Brown et al. 1995). In mountainous regions such

as the Catalinas, habitats are highly heterogeneous, not "remarkably uniform" as Brusca et al. (20 13a)

claimed (see Gentry 1988; Lomolino 2001). Species assemblages in the Catalinas vary widely with

elevation, topography soils, substrate, and other factors as described by Whittaker and Niering (1964,

196? 19, v 1968b) and Whittal ei a al J ^8, Microhabitats and microclimates (see Potter et al.

2013) significantly increase habitat complexity. Ecological niches, spatial variation in habitats,

dispersal capability, and phenotypic plasticity directly impact distribution and abundance (Holt 2003;

Soberon & Peterson 2005; Valladares et al. 2014). Stochastic processes such as colonization,

extinction, and ecological drift also alter species' ranges (Chase & Myers 2011). Although species'

ranges may be in equilibrium for considerable time, they are dynamic, expanding and contracting in

response to changing abiotic and biotic drivers (Sexton et al. 2009). Determining the complete

distribution of species, as well as areas of highest density, can be difficult (Sagarin and Gaines 2005;

Sagarin et al. 2006). The ecological importance of peripheral or edge populations, those at some
distance from the area of highest density, is unsettled (Hardie & Hutchings 2010; but see Lesica and

Allendorf 1995; Hampe& Petit 2005; Slaton 2014). Numerous factors may impact the dynamics of



Bertelsen: Plant elevation changes in Arizona 3

range limits (Gaston 2003; Sexton et al. 2009; Angert et al. 2011; Woods 2014). Small peripheral

populations at the limits of a species' range may have little ecological importance unless they both

persist and reproduce (Hardie & Hutchings 2010). Gaston (1991) noted that species ranges do not

have true edges and that including 'Vagrant individuals" (isolates or outliers) can significantly alter

perceived ranges. Because neither Whittaker and Niering (1964, 1965) nor Brusca et al. (2013a)

assessed species' distributions and abundances, the actual elevation ranges of species in their study

areas, as well as the total ranges of these species, are unknown.

IKUilm:; r.m-ji- I'h.in-ji*.

Determining whether an occupied range has changed over time is complicated by the

dynamic nature of species' ranges and lack of comprehensive knowledge of them. The actual

distribution and abundance of species are key to understanding range dynamics (Parmesan 1996;

McGill & Collins 2003; Sagarin et al. 2006), but little definitive information about them may be

known. The elevation ranges determined by Brusca et al. (2013a) were based on presence-absence

data in a limited portion of the species' ranges. Whether data was collected at upper and lower range

limits or in the center of ranges was not determined by either Whittaker and Niering (1964, 1965) or

Brusca et al. (2013a). Range change assessments based on presence at range limits may lead to

erroneous conclusions because the dynamics of peripheral populations may be quite different from

those at the area of highest density (Hardie & Hutchings 2010). Fluctuations in a local area may have

little relationship to the dynamics of the entire range (Holt 2003) and may simply reflect normal

variability within ranges. Marginal occurrence (presence data collected at range limits) is not a good

measure of the actual area occupied by species unless occurrences are highly aggregated (Gaston &
Fuller 2009). Strayer (1999) indicated that presence-absence data is useful when seeking to detect

uniform declines throughout the ranges of common species and to detect local extinctions,

particularly when a large number of sites are surveyed. Such data may not be appropriate, however,

when few sites are sun-eyed, abundance is low-, survey intensity is low, if there is high spatial

variability in the population, or if declines are widespread rather than concentrated (Strayer 1999).

Shoo et al. (2006) found that the minimum range changes detected in species' distributions decreased

with increased sampling, that differences in sampling methods between time periods resulted in

systematic bias in estimates of range shifts at upper and lower range limits, and that estimates of

mean altitudes were less dependent on sampling effort than estimates of range boundaries. Archaux

(2004) argued that shifts in mean elevation are indicative of population responses whereas shifts in

upper and lower range limits reflect individual responses. The most accurate assessments of range

changes would likely be based on significant shifts in the elevation average or mode for the species

(see Kelly & Goulden 2008).

Brusca et al. (2013a) initially claimed they compared data from their plots to data from 30

Whittaker and Niering plots, but nowhere in Whittaker and Niering (1964, 1965) is there any

mention of "30 plots." In their Erratum, Brusca et al. (2013b) indicated these "30 plots" were

instead what Whittaker and Niering called "grouped samples" of "combined data from either 5- or 10

0.1-Ha quadrats" as shown in Whittaker and Niering's (1964) Figure 1, specifically the lettered

points between 3,500 feet and 9,000 feet. The caption for that figure stated it was based on 400

samples and that "points with letters indicate mean elevation and topographic position of the grouped

samples." There are 44 points with letters in Figure 1, 34 (not 30) of which are found on or between

lines drawn across 3,500 and 9,000 feet markers on the y-axes. In their analysis, Whittaker and

Niering (1965, p. 433) stated that within each 1,000 foot elevation belt "samples were subjected to

two ordinations, or arrangements of samples in relation to gradients of environmental or community

characteristics." It is unclear which type of "grouped samples" was used for Figure 1, but in any case

actual elevations and species compositions of all the "grouped samples" were not reported. Thus the

only Whittaker and Niering elevation data Brusca et al. (2013) could have used are those derived
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from species presence in the 1,000-foot elevation belts reported in the Whittaker and Niering (1964)

table which are not linked to specific plots.

Tingley and Beissinger (2009) described several problems in using historical species

occurrence data to assess range changes: lack of non- occurrence and abundance data, imprecision in

locating where historical data was collected, differences in historical and contemporary data

collection methods, the assumption that detectability is constant over time, and the possibility of

false presences or absences associated with species mis identification. Non- occurrence and

abundance data are lacking for the Whittaker and Niering (1964) and Brusca et al. (2013a) data sets,

the location of the Whittaker and Niering sites is unknown, the methods used by Whittaker and

Niering (1964, 1965) and Brusca et al. (2013a) differed, and species identification in both studies

cannot be confirmed since voucher specimens were not collected for each plot. Quantitative

techniques such as occupancy modeling can correct or minimize some of these problems, but

avoiding bias requires "at a minimum" repeated visits within sampling periods and data from a

sufficient number of sites to achieve adequate statistical power (Tingley & Beissinger 2009).

Identification of differences in the highest and lowest elevation presence of 27 "common"
plant species between those reported by Whittaker and Niering in 1962-1963 and those recorded by

Brusca et al. in 2011 is not evidence of range changes in the Catalinas, or even along the Catalina

Highway, because of the small number and location of Brusca et al. (2013a) plots. Brusca et al.

(20 13a) used "common" to refer only to presence of a species in five or more plots: the term is not an

indication of the abundance or distribution of these species either along the highway or the mountain

range as a whole. Having studied vegetation in a major drainage in the Catalinas, during more than

1,460 field trips in over 30 years, I amvery surprised that only 27 species would be found in five or

more plots if these plots were at all representative of the constantly changing vegetation along the

highway, particularly when this list does not include a number of abundant species found in the area.

Both presence and absence of a species could be a chance occurrence, particularly when sample size

is small. Small sample size also prevents determination whether individuals of selected species

represent isolates, peripheral populations, or the core population. Soberon and Peterson (2005)

indicated that absence data is more likely to result from lack of data or insufficient sampling than

actual absence unless the data has both high resolution and density. Consequently the number of plots

surveyed is crucial. Absence data from the 33 Brusca et al. (2013a) plots (about 5 per 1,000 feet

elevation) is much less likely to reflect true absence than such data from the 350 plots (55-60 per

1,000 feet elevation belt) of Whittaker and Niering (1964).

It is especially problematic that Brusca et al. (2013a), unlike Whittaker and Niering (1964,

1965), did not sample riparian or xeroriparian areas characterized by permanent, ephemeral, or

intermittent streams. Whittaker and Niering (1964) included plots in topographic categories

described as "deeper ravines or canyons with flowing streams" and "shallower draws and lower

slopes of canyons." In their table, over 40% of the species listed were found in each of these

topographic areas and more than 60% were found in one or both. Plants listed in the table also

include several aquatic species. Yet Brusca et al. (2013a, p. 3309) justified their use of only upland

plots by the claim that Whittaker and Niering data "are sparse for riparian/'wet canyon' sites." In

restricting their plots to upland areas, Brusca et al. (2013a) introduced significant sampling bias (see

Chytry et al. 2014). Diversity in riparian and xeroriparian habitats is often greater than that of the

surrounding uplands, and many species are found at their lowest elevation limits in them (Naiman &
Dechamps 1997; Levick et al. 2008). Two canyons in the front range (southern portion) of the

Catalinas, one xeroriparian and one riparian, illustrate the diversity of such systems: approximately

50%of the 1,200 taxa included in the Southwest Environmental Information Network (SEINet 2014)

species list for the Catalinas has been found in the xeroriparian Finger Rock Canyon drainage, a

gradient of 4,158 feet that includes less than 1%of the area of the Catalinas (unpublished personal

data); in lower Sabino Canyon, a riparian area between 2,700-3,600 feet elevation, about 40%of the



Bertelsen: Plant elevation changes in Arizona 5

taxa known from the Catalinas has been identified (Joan Tedford, unpublished data). The flora

checklists for both areas are based on more than 30 years of collection and observation.

Available data on species' ranges in the Catalinas is limited because the range has been under

collected, in part because of the rugged topography. Arizona herbaria specimens for the Catalinas

included in SEINet do not always include elevation data, and locations may be imprecise. Available

data was collected by many different individuals, using different survey methods and various means

of assessing elevations, over widely different time periods for different purposes. A comparison of

the elevation ranges for the 27 species analyzed by Brusca et al. (2013a) with those reported by
Whittaker and Niering (1964), Bowers and McLaughlin (1987) for the adjacent Rincon Mountains;

and Kearney and Peebles (1960) for the state of Arizona show considerable variation. In each case,

these elevation ranges are little more than "best guesses" of the actual ranges of these species because

comprehensive surveys of total ranges in the respective areas, including assessment of abundances

and distributions, were not made. Whittaker and Niering (1964), for example, reported Juniperus

deppeana Steud. (alligator juniper) in the 3,000^,000 feet elevation belt up to the 7,000-8,000 feet

belt. Brusca et al. (2013a) reported an elevation range of 5,028 feet to 7,162 feet for the species,

Bowers and McLaughlin (1987) reported a range of 4,200 feet to 8,400 feet, and Kearney and Peebles

(1960) reported a range of 4,500 feet to 8,000 feet. The methods for determining altitude were not

reported by any of these researchers. Recently a large alligator juniper, 47 inches in diameter at the

base, was vouchered in Sabino Canyon (ARIZ 416153, University of Arizona Herbarium). By
plotting GPS latitude-longitude coordinates on a 7.5 minute topographic map using ArcMap, the

elevation was determined to be 2,750 feet. It is conceivable this very tree was the basis for presence

of the species in Whittaker and Niering's 3,000^,000 feet belt given that some of their plots were

located in Sabino Canyon.

Without accurate knowledge of the actual ranges of the species analyzed and an

understanding of core and peripheral populations, real change cannot be detected. There is certainly

no evidence of change in the Brusca et al. (2013a) plots because data was collected at only one point

in time. The Whittaker and Niering (1964) data cannot be considered a proxy for presence-absence of

species in the Brusca et al. (2013a) plots 50 years ago because the locations of the Whittaker and

Niering plots are unknown and because at least some of the Whittaker and Niering plots were located

in large drainages at some distance from the highway. Chytry et al. (2014) demonstrated the

difficulty in using data from historical plots even when the exact location of these plots is known.

They further showed that comparing data from historic and new plots in different locations is "a risky

business," and stated that any results must be interpreted with "the utmost caution." Errors may
include detecting change when change did not actually occur, not detecting change that did occur, and

detecting change in a different direction or magnitude of the real change (Chytry et al. 2014).

Determioing causes of range changes

Detection and attribution of climate change impacts is challenging and usually requires

significant observation over several decades (Parmesan et al. 2011; Stone et al. 2013; O'Connor et al.

20 14). Species may "follow" their ecological niche when that niche moves due to changing climate

(Martinez-Meyer & Peterson 2006; Van der Putten 2012), but range changes may occur in the

absence of directional environmental change (Holt 2003). Few studies have documented species'

range shifts directly; rather most have inferred shifts from observations at local range extremes or

from changes in species composition in a limited community (Parmesan 2007). Epstein et al. (2004)

reported that in the arctic, where the most rapid warming is occurring, it may be "difficult, if not

impossible" to distinguish whether vegetative responses result from climate change or climate

variability without at least 20 years of field studies. Brusca et al. (2013a) concluded from then-

analysis of a very small number of species in a very small area that "rapid vegetation change" is

occurring in the Southwest and described this change as "dramatic." This is hyperbole at best.
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Relatively brief observations at two different time periods in relatively limited area is insufficient to

demonstrate that real change has occurred without knowledge of climatic conditions and population

demographics (time of establishment abundant sr/ t aee suucrure, reproduction, etc.) of species at

their elevation limits at both points in time. Has change occurred elsewhere in the ranges of species

studied? Is the change temporary or permanent? Did the change occur during normal climatic

conditions or during particularly optimal or adverse conditions? Was the change due to loss or

addition of a robust population or a few individuals? Was a lost population the product of

opportunistic colonization during climatically favorable conditions or was it a long-established

population adapted to local climate variability? These are only some of the questions that must be

addressed before assessing the significance of perceived change or attributing it to any cause.

Even if Brusca et al. (2013a) had resurveyed 33 of the actual plots surveyed by Whittaker and

Niering (1964, 1965) and change was documented, the causes of any perceived change cannot be

determined without knowing natural and human impacts in the study area over the 50-year period (see

Slaton 2014; Angelo 2014a, 2014b). Potential causes for variations in species' ranges in the Catalinas

include climate variability; surface disturbances such as water and wind erosion, debris flows, and

fire; interspecific interactions such as competition, mutualism, and facilitation; and human activities,

such as recreation, habitat conversion, introduction of invasive species, and road maintenance,

construction, or reconstruction.

Precipitation and temperature in the Southwest over the last 400 years have been highly

variable (Sheppard et al. 2002; Griffin et al. 2013). Continued observation over time is essential to

determine the nature and impact of this variability. Brusca et al. (2013a) used mean annual

temperature and mean annual precipitation to show climate trends. This is problematic because biotic

responses to both climate variability and climate change result from highly complex interactions

among climatic factors (Dobrowski et al. 2013). Mean temperature and precipitation values mask
seasonal differences and resulting impacts (Stephenson 1990). Obtaining a good measure of climatic

variability in the Catalinas is difficult because long-term local data is not available and because

precipitation and temperature are strongly influenced by the topography and elevation gradient of the

mountains (Shreve 1915; Whittaker & Niering 1965). Brusca et al. (2013a) used data from the

National Weather Service station at the Tucson International Airport. The station is located on a

valley floor several miles from the Catalinas, at an elevation of 2,546 feet; consequently, it is likely a

poor proxy for climate in the mountains, particularly at middle and higher elevations. Weather data

based on the Parameter-elevation Relationships on Independent Slopes Model (PRISM) described by
Daly et al. (2008) is physiographcally sensitive and is available for 1895 to present; PRISMwould be

a better source for approximating temperature and precipitation in the Catalinas. Seven years' data

from three rain gages at 3,100 feet, 4,920 feet, and 7,250 feet in my study area in the Finger Rock
Canyon drainage of the Catalinas indicate that PRISM data overestimate precipitation at lower

elevations, underestimate precipitation at higher elevations, but provide a fairly accurate estimation of

precipitation at middle elevations. PRISM data closely reflect the pattern (relative amount and

spacing) of precipitation in the drainage and provide a far more accurate approximation of

precipitation over the elevation gradient than Tucson International Airport data.

Some of the plants defining the range extremes 50 years ago may have germinated and lived

for a time under optimal climatic conditions and then died when conditions returned to normal or

worsened significantly. Droughts are cyclical in the American Southwest, and major droughts

occurred in the early 1900s and 1950s (Sheppard et al. 2002). Since the late 1990s the area has

experienced persistent drought accompanied by warmer than normal temperatures (Woodhouse et al.

2010). Drought alone could explain any changes in elevation that might have occurred in the last 50

years. When drought conditions ease, particularly if optimal conditions follow, plant ranges could

expand.
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Although climate variability is the most likely cause of short-term changes in species ranges,

natural and human caused surface disturbances cannot be discounted. These disturbances, with the

exception of non-native species invasions and major fires, are usually limited to fairly small areas, but

the areas affected could have been the very plots studied by Whittaker and Niering or Brusca et al.

Significant runoff during major storm events such as those that occurred in the winter of 1992-1993

and the summer of 2006 in the Catalinas may remove vegetation on steep slopes and shallow

drainages and can scour riparian areas (Naiman & Dechamps 1997; Levick et al. 2008). Debris

flows, commonly known as rock slides, such as those that occurred in the Catalinas in 2006 can cause

extensive change on steep slopes and canyon bottoms (Youberg et al. 2008). Recreational uses such

as camping or hiking can eliminate vegetation through trampling, soil compaction, or harvesting.

Such uses may be of particular importance since most of the Whittaker and Niering (1964) plots and

all of the Brusca et al. (2013a) plots were near the heavily traveled highway. Additionally, significant

reconstruction of the highway has occurred in the last 30 years, and off-highway vehicular travel has

increased.

Given high climate variability in the Southwest over the last 5,000 years (Ely et al. 1993),

attributing short-term changes in average temperature and precipitation, or short-term vegetative

changes of a few species, to climate change is highly problematic given both the resolution and time

span of available data (Gaston 2003). As Overpeck et al. (2005) noted, "Climate variability and

change during the past century have been modest relative to alterations in the climate system in the

past." Vegetative communities may be relatively stable over long periods, but the composition of

these communities continually changes during normal climate variability (Sexton et al. 2009). It

seems highly likely that if climate change is impacting vegetative communities, there would be

multiple responses over time, including changes in (a) onset, duration, and end of flowering, (b)

flowering ranges, (c) species composition and structure, (d) abundance and distribution, (e) species'

elevational and geographic ranges, (f) trophic mismatches, and (g) reproductive success. Moreover

such changes would be expected in a significant portion of species' ranges. Identifying multiple

climate-related responses over a broad area during an extended period of time would increase

confidence in a conclusion that climate change is an actual driver (Root et al. 2003; Angelo 2014a,

2014b). With any degree of certainty, we can only say that short-term change in one response over a

few decades is consistent with what we might expect with a changing climate.

ACKNOWLEDGEMENTS
I especially thank Andrew Beckerman whose review and comments on several previous

drafts substantially improved the paper. I also thank two anonymous reviewers who provided reviews

on near-final di ifts Joan Tedford graciously provided a copy of her Sabino Canyon flora checklist

and showed me the Alligator Juniper in that canyon.

LITERATURECITED
Angelo, R. 2014a. Observations relative to claims of disappearance of Liliaceae and Qrehidaceae in

Concord Massachusetts, USA. Phytoneuron 2014-3: 1-8.

Angelo, R. 2014b. Review of claims of species loss in the flora of Concord, Massachusetts,

attributed to climate change. Phytoneuron 20 14-84: 1^18.

Angert A.L., L.G Crozier, L.J. Rissler, S.E. Oilman, J.J. Tewksbury, and AJ. Chuno. 2011. Do
species traits predict recent shifts at expanding range edges? Ecol. Lett, 14: 677-689.

Archaux, F. 2004. Breeding upwards when climate is becoming warmer: No bird response in the

French Alps. Ibis 146: 138-144.

Bowers, J.E. and S.P McLaughlin. 1987. Flora and vegetation of the Rincon Mountains, Pima

County, Arizona. Desert Plants 8: 50-95.

Brusca, R.C., J.F. Wiens, W.M. Meyer, J. Eble, K. Franklin, J.T. Overpeck, and W. Moore. 2013a.

Dramatic response to climate change in the Southwest: Robert Whittaker's 1963 Arizona

mountain plant transect revisited. Ecol. Evol. 3: 3307-3319.



Bertelsen: Plant elevation changes in Arizona 8

Brusca, R.C.. J.F. Wiens, W.M. Meyer, J. Ebie, K. Franklin, J.T. Overpeck, and W. Moore. 2013b.

Erratum. Dramatic response to climate change in the Southwest: Robert Whittaker's 1963

Arizona mountain plant transect revisited. Ecol. Evol. 3: 3636.

Brown, J.H., D.W. Mehlman, and G.C. Stevens. 1995. Spatial variation in abundance. Ecology 76:

2028-2043.

Chase, J.M. and J.A. Myers. 2011. Disentangling the importance of ecological niches from

stochastic processes across scales. Philos. T. Roy. Soc. B 366: 2351-2363.

Chen, I-C, J.K. Hill, R. Ohlemuller, D.B. Roy, and CD. Thomas. 2011. Rapid range shifts of

species associated with high levels of climate wanning. Science 333: 1024-1026.

Chytry, M., L. Tichy, S.M. Hennekens, and J.H.J. Schaminee. 2014. Assessing vegetation change

using vegetation plot databases: Arisky business. Appl. Veg. Sci. 17: 32-41.

Daly, C, M. Halbleif, J.I. Smith, W.P. Gibson, M.K. Doggert, GH. Taylor, J. Curtis, and P.P. Pasteris.

2008. Physiographically sensitive mapping of climatological temperature and precipitation

across the conterminous United States. Int. J. Climatol. 28: 2031-2064.

Dobrowski, S.Z., J. Abatzoglou, AK. Swanson, J.A Greenberg, AR. Mynsberge, Z.A Holden, and

M. K. Schwartz. 2013. The climate velocity of the contiguous United States during the 20
th

century. Global Change Bio. 19:241-251.

Ely, L.L., Y Enzel, and V.R. Baker. 1993. A 5000-year record of extreme floods and climate change

in the southwestern United States. Science 262: 410^112.

Epstein, H.E., M.P. Calef, M.D. Walker, F.S. Chapin III, and AM. Starfield. 2004. Detecting

changes in arctic tundra plant communities in response to warming over decadal time scales.

Global Change Biol. 10: 1325-1334.

Garfm, G. GA. Jardine, R. Merideth, M. Blade, and S. LeRoy (eds.). 2013. Assessment of climate

change in the southwestern United States: A report prepared for the National Climate

Assessment. A report by the Southwest Clima te Alliance. Island Press, Washington, DC.

Gaston, K.J. 1991. How large is a species' geographic range? Oikos 61: 434-438.

Gaston, K.J. 2003. The structure and dynamics of geographic ranges. Oxford Univ. Press, Oxford.

Gaston, K.J. and R. A Fuller. 2009. The size of species' geographic ranges. J. Appl. Ecol. 46: 1-9.

Gentry AH. 1988. Changes in plant community diversity and floristic composition on

environmental and geographical gradients. .Ann. Missouri Bot. Gard. 75: 1-34.

Griffin, D., C.H. Woodhouse, D.M. Meko, D.W. Stahle, H.L. Faulstich, C. Carillo, R. Touchan, C.L.

Castro, and S. W. Leavitt. 2013. American monsoon precipitation reconstructed from tree-

ring latewood. Geophys. Res. Lett. 40: 954-958.

Hampe, A. and R.J. Petit. 2005. Conserving biodiversity under climate change: The rear edge

matters. Ecol. Lett. 8: 461-467.

Hardie, D.C. and J.A Hutchings. 2010. Evolutionary ecology at the extremes of species' ranges.

Environ. Rev. 18: 1-20.

Holt, R.D. 2003. On the evolutionary ecology of species' ranges. Evol. Ecol. Res. 5: 159-178.

Kelly, A.E. and M.L. Goulden. 2008. Rapid shifts in plant distribution with recent climate change.

P. Natl. Acad. Sci. USA105: 11823-11826.

Kearney, T.H. and R.H. Peebles. 1960. Arizona Flora (ed. 2 with Supplement by J.T. Howell, E.

McClintock and collaborators). Univ. California Press, Berkeley.

Legendre, P. and M-J. Fortin. 1989. Spatial pattern and ecological analysis. Vegetation 80: 107-138.

Lesica, P. and F.W. Allendorf. 1995. When are peripheral populations valuable for conservation?

Conserv. Biol. 9: 753-760.

Levick, L.R., D.C. Goodrich, M. Hernandez, J. Fonseca, D.J. Semmens, J. Stromberg, M. Tluczek,

R.A Leidy M. Scianni, D.R Guertin, and WGKepner. 2008. The ecological and

hydrological significance of ephemeral and intermittent streams in the arid and semi-arid

American Southwest. US EPA and USDA/ARS Southwest Watershed Research Center

(EPA/600/R-08/134, ARS/233046), Washington, DC.



Bertelsen: Plant elevation changes in Arizona 9

Lomolino M.V. 2001. Elevation gradients of species-density: Historical and prospective views.

Global Ecol. Biogeogr. 10: 3-13.

MacArthur, R.H. 1972. Geographical Ecology. Princeton Univ. Press, Princeton, New Jersey.

Martinez-Meyer, E. and AT. Peterson. 2006. Conservation of ecological niche characteristics in

North American plant species over the Pleistocene-to-recent transition. J. Biogeogr. 33:

1779-1789.

McGill, B. and C. Collins. 2003. A unified theory for macroecology based on spatial patterns of

abundance. Evol. Ecol. Res. 5: 469-492.

Moore, W., W.MMeyer. J. A Eble, K. Franklin, J.F. Wiens, and R.C. Brusca. 2013. Introduction to

the Arizona Sky Island Arthropod Project (ASAP): Systematics, biogeography, ecology and

population genetics of arthropods of the Madrean Sky Islands. Pp. 140-164, in Gottfried GJ.

et al. (eds.). Merging Science and Management In A Rapidly Changing World: Biodiversity

and Management of the Madrean Archipelago III. USDA(RMRS-P-67,), Washington, DC.
Naiman, RJ. and H. Dechamps. 1997. The ecology of interfaces: Riparian zones. Rev. Ecol. Syst.

28: 621-658.

Niering, W.A., R.H. Whittaker, and C.H. Lowe. 1963. The saguaro: a population in relation to

environment. Science 142: 15-23.

Niering, WA. and C.H. Lowe. 1984. Vegetation of the Santa Catalina Mountains: Community types

and dynamics. Vegetatio 58: 3-28.

O'Connor, M.I., J.M. Holding, C.V. Kappel, CMDuarte, K. Brander, C.J. Brown, J.F. Bruno, L.

Buckley, M.T. Burrows, B.S. Halpern, W. Kiessling, P. Moore, J.M. Pandolfi, C. Parmesan,

E.S. Poloczanska, D.S. Shoeman, W.J. Sydeman, and AJ. Richardson. 2014. Strengthening

confidence in the climate change impact science. Global Ecol. Biogeogr. Published on-line

September8, 2014. DOI: 10. 111/geb. 12218.

Overpeck, J., J. Cole, and P. Bartlein. 2005. A "paleoperspective" on climate variability and change.

Pp. 91-108, in T.E. Love joy and L. Hannah, (eds.). Climate Change and Biodiversity. Yale

Univ. Press, NewHaven, Connecticut.

Parmesan, C. 1996. Climate and species' range. Nature 382: 765-766.

Parmesan, C. 2005. Biotic response: range and abundance changes. Pp. 41-55, in T.E. Lovejoy and

L. Hannah, (eds.). Climate Change and Biodiversity. Yale Univ. Press, New Haven,

Connecticut.

Parmesan, C, C. Duatte, E. Poloczanska, AJ. Richardson, and MC. Singer. 2011. Overstretching

attribution. Nature Clim. Change 1: 2-4.

Parmesan, C. and G. Yohe. 2003. A globally coherent fingerprint of climate change impacts across

natural systems. Nature 421: 37-42.

Peterson, AT, J. Soberon, R.G Pearson, R.R Anderson, E. Martinez-Meyer, M. Nakamura, and M.B.

Araujo. 2011. Ecological niches and geographic distributions. Princeton Univ. Press,

Princeton, New Jersey.

Potter, K.A, H.A Woods, and S. Pincebourde. 2013. Mcroclimatic challenges in global change

biology. Global Change Biol. 19: 2932-2939.

Root, T.L., J.T Price, R. Hall, S.H. Schneider, C. Rosenweig, and J. A Pounds. 2003. Fingerprints of

global warming on wild animals and plants. Nature 421: 57-60.

Sagarin, R.D. and S.D. Gaines. 2005. The "abundant center" distribution: To what extent is it a

biological rule? Ecol. Lett. 5: 137-147.

Sagarin, R.D., S.D. Gaines, and B. Gaylord. 2006. Moving beyond assumptions to understand

abundance distributions across the ranges of species. Trends Ecol. Evol. 21: 524-530.

SEINet. 2014. Southwest Environmental Information Network. Managed at Arizona State Univ.,

Tempe. <http//:swbiodiversity.org/seinet/index.php>. Accessed 12 April 2014.

Sexton, J.P, P.J. Mclntyre, AL. Angert, and K.J. Rice. 2009. Evolution and ecology of species range

limits. Annu Rev. Ecol. Evol. Syst. 40: 415-436.



Bertelsen: Plant elevation changes in Arizona 10

Sheppard, P.R., AG. Comric, and G.D. Packin. 2002. The climate of the US Southwest. Climate

Res. 21: 219-238.

Shoo, L.P., S.E. Williams, and J-M. Hero. 2006. Detecting climate change induced range shifts:

Where and how should we be looking? Austral Ecol. 3 1 : 22-29.

Shreve, F. 1915. The vegetation of a desert mountain range as conditioned by climatic factors.

Publication no. 217. Carnegie Institution of Washington, Washington, DC.
Slaton, M.R. 2014. The roles of disturbance, topography and climate in determining the leading and

rear edges of population range limits. J. Biogeogr. Published on-line September 9, 2014.

DOI: 10. 1111/jbi. 12406.

Soberon, J. and AT. Peterson. 2005. Interpretation of models of fundamental ecological niches and

species' distributional areas. Biodivers. Informatics 2: 1-10.

Stephenson, N.L. 1990. Climatic control of vegetation distribution: the role of water balance. Amer.

Naturalist 135: 649-670.

Strayer, D.L. 1999. Statistical power of presence-absence data to detect population declines.

Conserv. Biol. 13: 1034-1038.

Stone, D., M. Auffhammer, M. Carey, G Hansen, A. Solow, L. Tibig, and G. Yohe. 2013. The

challenge to detect and attribute effects of climate change on human and natural systems.

Clim. Change 121: 381-395.

Tingley, M.W. and S.R Beissinger. 2009. Detecting range shifts from historical species occurrences:

Newperspectives on old data. Trends Ecol. Evol. 24: 625-633.

Valladares, E, S. Matesanz, F. Guilhaumon, M.B. Aaujo, L. Balaguer, M. Benito-Garzon, W.

Cornwell, E. Gianoli, M. van Kleunen, D.E. Naya, AG Nicotra, H. Poorter, and M.A
Zavala. 2014. The effects of phenotypic plasticity and local adaptation on forecasts of

species range shifts under climate change. Ecol. Lett. 17:1351-1364.

Van der Putten, WH. 2012. Climate change, aboveground-belowground interactions, and species'

range changes. Ann. Rev. Ecol. Evol. Syst. 43: 365-383.

Vellend, M. 2010. Conceptual synthesis in community ecology. Quart. Rev. Biol. 85: 183-206.

Walther, G-R., E. Post, P. Convey, A Menzel, C. Parmesan, T.J.C. Beebee, J.M. Fromentin, O.

Hoegh-Guldberg, and F. Bairlein. 2002. Ecological responses to recent climate change.

Nature 416: 389-395.

Whittaker, R.H, S.W. Buol, W.A Niering, and YH. Havens. 1968. A soil and vegetation pattern in

the Santa Catalina Mountains. Arizona. Soil Sci. 105: 440-450.

Whittaker, R.H. and W.A. Niering. 1964, Vegetation of the Santa Catalina Mountains, Arizona: I.

Ecological classification and distribution of species. J. Ariz. Acad. Sci. 3: 9-34.

Whittaker, R.H. and W.A Niering. 1965. Vegetation of the Santa Catalina Mountains, Aizona: a

gradient analysis of the south slope. Ecology 46: 429-452.

Whittaker, RH. and W.A Niering. 1968a. Vegetation of the Santa Catalina Mountains, Aizona: III.

Species distribution and floristic relations on the north slope. J. Aiz. Acad. Sci. 5: 3-21.

Whittaker, RH. and W.A Niering. 1968b. Vegetation of the Santa Catalina Mountains, Aizona: IV.

Limestone and acid soils. Ecology 56: 523-544.

Whittaker, RH. and W.A Niering. 1975. Vegetation of the Santa Catalina Mountains, Aizona: V.

Biomass, production, and diversity along the elevation gradient. Ecology 56: 771-790.

Woodhouse, C.A, D.M. Meko, GM. MacDonald, D.W Stahle, E.W Cook, and B.L. Turner. 2010. A
1,200-year perspective of 21

st

century drought in southwestern North American. Proc. Natl.

Acad. Sci. USA 107: 21283-21288.

Woods, K.D. 2014. Problems with edges: Tree lines as indicators of climate change (or not), Appl.

Veg. Sci. 17: 4-5.

Youberg, A, M.L. Cline, LP. Cook, PA Pearthree, and R.H. Webb. 2008. Geologic mapping of

debris flow deposits in the Santa Catalina Mountains, Pima County, Aizona. Open-File

Report 08-06. 41pp, 11 map sheets on CD. Aizona Geological Survey, Tucson, Aizona.


